This is an Open Access article licensed under the terms of the Creative Commons AttributionNonCommercial 3.0 Unported license (CC BY-NC) (www.karger.com/OA-license), applicable to the online version of the article only. Distribution permitted for non-commercial purposes only. Abstract Background/Aims: Chondrocyte apoptosis is largely responsible for cartilage degeneration in osteoarthritis (OA). Interleukin-1 beta (IL-1β) is widely used as a chondrocyte apoptosisinducing agent, while lactoferrin (LF) is an anabolic reagent which has the potential to inhibit chondrocyte apoptosis. We assessed the effects of LF on cartilage degeneration in IL-1β-induced chondrocytes and in a rat model of OA, and explored the potential molecular mechanisms involved. Methods: Human articular chondrocytes (HACs) were treated with IL-1β alone or in combination with LF. MTT and flow cytometric assays were used to detect changes after treatment with LF. Western blotting was used to examine the relevant molecules regulating apoptosis. Results: We found that IL-1β reduced the viability of HACs, whereas 200 μg/mL of LF significantly counteracted the inhibitory effect of IL-1β. LF significantly inhibited IL-1β-induced HAC apoptosis. The protein expression of the apoptotic markers Caspase-3 and PARP was also significantly reduced in the LF treatment group when analyzed by western blotting. Furthermore, we found that LF triggered CREB1 phosphorylation in IL-1β-induced HAC apoptosis through AKT1 signaling. In addition, LF promoted the repair of articular cartilage damage in a rat OA model with elevated p-CREB levels. Conclusions: These studies suggest that LF has an anti-apoptotic effect on IL-1β-induced chondrocytes, and thus may be a promising novel therapeutic agent for OA.
Introduction
Osteoarthritis (OA) is a common age-associated disease characterized by breakdown of the cartilage matrix, chondrocyte hypertrophy and ectopic growth of bony structures in the joints [1, 2] . With our population ageing, the prevalence of OA in the developed world is expected to increase and it is anticipated that OA will become the fourth leading cause of disability in the coming decades [3] . To date, pharmacological treatments of OA are only focused on the alleviation of pain and inflammation by using nonsteroidal anti-inflammatory drugs (NSAIDs) or other agents [4] . Therefore, there is an urgent need for effective, widely available measures to aid OA patients.
Chondrocyte apoptosis has been shown to be involved in the pathogenesis of OA. The occurrence of OA cartilage damage is always accompanied by increased apoptosis of articular chondrocytes and its inhibition attenuates the severity of OA [5] [6] [7] . Thus chondrocyte apoptosis has gradually become one of the potential therapeutic targets for OA [8] . Proinflammatory cytokines secreted by chondrocytes, such as interleukin-1 beta (IL-1β) and tumor necrosis factor-α (TNF-α), play an important role in the progression of OA [9] . Specifically, IL-1β can trigger large scale chondrocyte apoptosis and is widely used as a chondrocyte apoptosis-inducing agent [10] . Thus, chondrocytes treated with IL-1β provide a useful model of OA chondrocytes.
Lactoferrin (LF), an iron-binding glycoprotein of the transferrin family, is abundant in milk and most biological fluids. Previous reports have shown that LF is a multifunctional factor with significant antimicrobial, anti-oxidative, antitumor, and immunomodulatory activities [11] . Recently, it has been found that LF acts as an anabolic reagent mainly through its powerful proliferative and anti-apoptotic actions [12] [13] [14] [15] . In human articular cartilage, Yan et al. revealed that LF attenuated the effects of IL-1β on the expression of cartilage-degrading enzymes, destructive cytokines, and inflammatory mediators. LF specifically activated ERK MAPK and Akt signaling pathways, which may account for its anti-inflammatory activity [16, 17] . However, the effect of LF on chondrocyte apoptosis in OA and the molecular mechanism of action of LF remain unclear.
The anti-apoptotic properties of LF have made it an attractive intervention in attenuating IL-1β-induced chondrocyte apoptosis. In view of this, the present study aimed to investigate the potential protective effect of LF on IL-1β-stimulated human articular chondrocytes (HACs), as well as articular cartilage in a rat OA model, and to clarify the underlying mechanisms.
Materials and Methods

Reagents
Recombinant human lactoferrin (LF) was purchased from Sigma-Aldrich (St Louis, MO, USA). Recombinant rat IL-1β was obtained from PeproTech (Rocky Hill, NJ, USA). IL-1β (1 mg/mL) was dissolved in double distilled water and rhLF powder (1 mg/mL) was dissolved in phosphate-buffered saline (PBS). Antibodies against AKT, p-AKT (Ser473), CREB, p-CREB (Ser133), Caspase-3, cleaved-Caspase-3, PARP, cleaved-PARP, Col II, GAPDH, and AKT inhibitor (triciribine) were from Cell Signaling (Danvers, MA, USA) and Santa Cruz Biotechnology (Santa Cruz, CA, USA), respectively.
Human articular chondrocyte culture
Following full ethical approval from the local research ethics committee (LREC), eight OA cartilage specimens were collected from patients (aged 61 ± 4 years) undergoing total knee joint replacement surgery at Yangpu District Central Hospital (Shanghai, China). Written informed consent was obtained from each patient before the operation. HACs were isolated from undamaged femoral condyle and intercondylar fossa of the knee joint as described previously [18] . Human OA articular cartilage was maintained in DMEM/F12 with 10% FBS. When the HACs reached 80% confluence, they were passaged and chondrocytes between passages 1 and 3 were used for subsequent experiments.
Optimizing LF dose
After reaching 80% confluence, the HACs were treated with DMEM/F12 with 1% FBS containing IL-1β (10 ng/mL) for 2 h. Then, cells were treated with LF at 0, 25, 50, 100, and 200 μg/mL for a further 24 h before use for the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. The optical absorbance of the resulting colored solution was quantified at 570 nm using a microplate reader (BMG Labtech, Aylesbury, UK). The optimal concentration of LF (200 μg/mL) was chosen for subsequent experiments.
Inhibition of AKT phosphorylation
HACs were treated with the AKT inhibitor triciribine at 30 μM for 1 h prior to treatment with IL-1β (10 ng/mL) for 2 h, and then treated with LF for 24 h. Western blot and flow cytometry assays were conducted 24 h after LF treatment.
RNA interference siRNAs specific to CREB1 and AKT1 were purchased from Santa Cruz Biotechnology and transfected into HACs with Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. A scramble sequence was used as the control siRNA. After transfection, the cells were maintained in DMEM/F12 with 10% FBS until they reached 80% confluence, at which point they were used for subsequent experiments.
Flow cytometric analysis
The apoptotic rate was evaluated using an Annexin V-FITC apoptosis detection kit (eBioscience, San Diego, CA, USA) according to the manufacturer's instructions provided. Briefly, after exposing them to different treatments, cells were washed with PBS and harvested using trypsin-EDTA solution (Invitrogen). Then, the cells were incubated in buffer containing FITC-annexin V and PI for 5 min at room temperature in the dark. Apoptotic cells were analyzed on a BD flow cytometer (Becton Dickinson, Oxford, UK).
Western blotting
After exposing the cells to different treatments, they were collected and lysed in lysis buffer. The protein concentrations were measured using a BCA Protein Assay Kit (Pierce Biotechnology, Rockford, IL, USA). An aliquot of 20 μg of protein from each sample was subjected to 10% SDS-PAGE and immunoblotted as previously described [19] .
Rat knee OA models Eighteen ten-week-old male Sprague-Dawley rats were randomly divided into three groups (n = 6) comprising a sham-operated negative control group, an OA-induction group and an OA+LF (200 μg/ mL) group. The OA model was created by anterior cruciate ligament transection with partial medial meniscectomy (ACLT+MMx) as previously described [20] . In the sham-operated negative controls, the right knee joint was exposed and incisions were closed following subluxation of the patella and washing of the joint surface with saline. From the 4th week after surgery, LF at 100 μg/rat was injected into the knee joints twice/week for 4 consecutive weeks, and rats were sacrificed 8 weeks after surgery. The knee joint of each rat was examined using hematoxylin and eosin staining as previously described [21] . This study was approved by the Scientific Investigation Board of Second Military Medical University (Shanghai, China).
Statistical analysis SPSS 11.5 software was used for data analysis. Data are expressed as mean values ± SD from three separate experiments. Student's t-test and one-way analysis of variance (ANOVA) were used to compare mean values from different samples. A value of P < 0.05 was considered significant.
Results
LF inhibits IL-1β-induced HAC apoptosis
We previously showed that LF is able to promote proliferation of HACs and reverse Dexinduced chondrocyte apoptosis [15] . Whether LF can prevent IL-1β-induced chondrocyte
apoptosis is not known. We first examined whether LF could increase the viability of human chondrocytes treated with IL-1β. As shown in Fig. 1 , MTT assay revealed that IL-1β reduced the viability of HACs, while LF significantly ameliorated the deleterious effect of IL-1β in a dose-dependent manner. The viability of cells treated with 200 μg/mL of LF was increased to 93% in comparison to 71% in cells treated with IL-1β alone. Consequently, we selected a dose of 200 μg/mL LF for subsequent experiments, and evaluated the effect of LF (200 μg/mL) on IL-1β-stimulated HAC apoptosis. As expected, the IL-1β only group showed a marked increase in the number of apoptotic HACs, whereas this effect was partially rescued by LF treatment (Fig. 2A) . The influence of LF on apoptotic markers was further evaluated by western blotting analysis. As shown in Fig. 2B , LF treatment significantly reduced the levels of cleaved Caspase-3 and PARP, compared with those in the IL-1β group. These results demonstrated that LF inhibited IL-1β-induced apoptosis of HACs.
LF triggers CREB phosphorylation in IL-1β-induced apoptosis of HACs
Given that activation of CREB has been reported to counteract the pro-apoptotic effects of IL-1β [22] , we investigated whether LF activated CREB in IL-1β-stimulated HACs. HACs were pretreated with IL-1β and then treated with LF at different time points. CREB protein was isolated and analyzed by western blotting. As shown in Fig. 3A , the level of p-CREB in IL-1β-stimulated HACs significantly increased 24 h after LF treatment, whereas total expression of CREB did not change. These results suggest that LF is capable of inducing the activation of CREB in IL-1β-stimulated chondrocytes.
To further confirm the involvement of CREB in LF-mediated inhibition of apoptosis, CREB1 siRNA was transfected into HACs. As shown in Fig. 3B, CREB1 siRNA, but not control siRNA, reduced the expression of CREB protein in HACs. Knockdown of CREB increased the percentage of apoptotic HACs and the amount of cleaved Caspase-3 and PARP in HACs treated with IL-1β and LF (Fig. 3C and D) , suggesting that knockdown of CREB abolished the protective effects of LF on IL-1β-induced chondrocyte apoptosis. Therefore, these results indicated that CREB plays an important role in LF-mediated protective action.
LF regulates CREB activity through AKT signaling
Considering that AKT signaling is one crucial upstream signaling pathway affecting CREB expression [23, 24] , we investigated whether LF required AKT signaling for the Fig. 4C and D) . Taken together, these data demonstrate that LF regulates CREB activity through the AKT signaling pathway in IL-1β-induced chondrocyte apoptosis.
LF repairs cartilage damage in a rat osteoarthritis model
Eight weeks after establishing a rat knee model of OA, rats were killed and articular cartilage in the different treatment groups was examined using hematoxylin and eosin staining. As shown in Fig. 5A , the chondrocytes in the OA model group appeared disordered and the cartilage was hypertrophic. LF injection inhibited chondrocyte hypertrophy and prevented the decrease in cartilage thickness, suggesting that LF has a protective effect from articular cartilage damage in the rat OA model. In addition, the levels of p-AKT, p-CREB and Col II expression decreased significantly in the OA model group and increased in the LF injection group, as determined by western blotting (Fig. 5B) . These results collectively show that LF promotes the repair of articular cartilage damage, an effect mediated by elevated levels of p-CREB and p-AKT expression.
Discussion
Chondrocyte apoptosis is considered a key pathological feature of OA, and the development of novel anti-apoptotic agents is important to prevent OA progression. Previous investigations have shown that LF has a powerful anti-apoptotic effect in many cells [12] [13] [14] . However, the effect of LF on chondrocyte apoptosis is still unclear. In this study, we report that LF exerts significant anti-apoptotic effects on IL-1β-stimulated HACs. 
Cellular Physiology and Biochemistry
IL-1β is a proinflammatory cytokine which plays a critical role in the pathogenesis of OA [25] . In patients with OA, levels of IL-1β are elevated in the synovial fluid, synovial membrane, subchondral bone and cartilage [26] . In cartilage, IL-1β inhibits the synthesis of major extracellular matrix (ECM) components such as type II collagen and aggrecan by inhibiting the anabolic activities of chondrocytes [27, 28] . IL-1β also stimulates the production of a number of other inflammatory mediators implicated in OA pathology [26] . Recently, IL-1β has been widely used as a chondrocyte apoptosis-inducing agent. When exposed to IL-1β (10 ng/mL) for 2 h, chondrocyte apoptosis is significantly increased compared to the control group [9, 29] . Previously, we showed that LF inhibited Dex-induced OA apoptosis of chondrocytes at a concentration of 200 μg/mL. In the current study, we investigated whether LF can exert an anti-apoptotic effect in IL-1β-stimulated HACs, which are important in the occurrence and development of OA. Our results show that IL-1β-induced apoptosis of chondrocytes was also significantly ameliorated by treatment with 200 μg/mL LF.
Cyclic AMP-responsive element-binding protein (CREB), a leucine zipper-type transcription factor, is crucial for almost all known cellular processes such as growth, differentiation and apoptosis [30, 31] . It has been demonstrated that levels of Ser-133-phosphorylated-CREB are significantly elevated during cartilage formation [32] . CREB and its paralogs are phosphorylated and hence activated in a subpopulation of chondrocytes within the proliferative zone. Correspondingly, a CREB inhibitor reduced the height of the proliferative zone in developing limbs and lowered the proportion of BrdU-positive cells in the growth plate [33] . In addition, ATF-2 and CREB act as transcriptional co-activators and control Bcl-2 protein levels in growth plate chondrocytes. Bcl-2, a cell death inhibitor that regulates apoptosis, is expressed within the growth plate in proliferative and prehypertrophic chondrocytes [34] . In our study, western blotting was performed to investigate the possible involvement of CREB in chondrocyte apoptosis. Interestingly, the level of CREB phosphorylation was significantly increased in IL-1β and LF-treated HACs in a timedependent manner. Furthermore, the anti-apoptotic actions of LF in IL-1β-stimulated HACs were prevented by knockdown of CREB1. These data indicate that LF inhibits chondrocyte apoptosis through activation of CREB.
AKT signaling performs a critical role in inhibiting chondrocyte apoptosis [35] . The ginsenoside Rg1 may protect chondrocytes from IL-1β-induced apoptosis via the PI3K/AKT signaling pathway [36] . Berberine ameliorates cartilage degeneration in IL-1β-stimulated rat chondrocytes and in a rat model of OA via AKT signaling [29] . It has been reported that AKT signaling is one crucial upstream signaling pathway for CREB expression [37, 38] . In this study, we investigated whether LF required the AKT signaling pathway for the activation of CREB. Our results show that triciribine or AKT1 siRNA treatment efficiently blocked the LF-induced increase in p-CREB and inhibited the LF-mediated protective effect on IL-1β-induced chondrocyte apoptosis. Importantly, LF promotes the repair of articular cartilage damage in a rat OA model, an effect accompanied by elevated levels of p-CREB and p-AKT expression. Further studies are needed to validate the role of AKT and CREB on apoptotic markers in vivo using knockdown experiments in the osteoarthritis knee model.
In conclusion, our study demonstrates that LF effectively suppresses chondrocyte apoptosis as well as articular cartilage damage at least partly through AKT-induced CREB activation. Therefore, LF may provide a new approach for OA therapy.
